This work presents a novel two-reservoir model to simulate, for a pulse-jet cleaning system, the air discharged from an air reservoir via a diaphragm valve to a blowpipe and ultimately into the atmosphere. The air reservoir and blowpipe are referred to reservoir 1 and reservoir 2, respectively. The proposed model consists of (1) a set of governing equations that are solved by a finite difference and (2) an iterative calculation method to describe the physical phenomena. The feasibility of the proposed model is also evaluated via experiments performed herein. Comparing the mass flow rates predicted by the proposed model with those of the benchmark solutions reveals that the model predictions are about 10% overestimated. In addition, the proposed model is more accurately simulated by considering the friction effects induced by the exit of the air reservoir and the nozzles on the blowpipe. The former increases the Mach number of the air and equals that of a frictional pipe of 4fLe/D h . The latter decreases the mass flow rate discharged from the nozzles. A discharge coefficient Cd n is introduced to represent the ratio of the mass flow rate discharged from a real nozzle and an ideal one. Moreover, experimental methods are developed to determine the values of 4fLe/D h and Cd n . When the parameters of 4fLe/D h and Cd n were included IMPLICATIONS Pulse-jet cleaning systems have found extensive industrial use in removing dust cakes on surfaces of filter media. This study presents a novel means of accurately predicting mass-flow rate and pressure, which play important roles in the cleaning efficiency of a pulse-jet cleaning system. Employing the proposed model allows us to realize how the cleaning parameters of a pulse-jet cleaning system affect the air pulse discharged from the nozzles on the blowpipe. This model facilitates the design and operation of a pulse-jet cleaning system. in the model, the accuracy of the model predictions was significantly improved. The deviations between the mass flow rates of the model predictions and the bench mark solutions were markedly reduced to 3%.
INTRODUCTION
Due to the high efficiency of dust collection, bag filters with pulse-jet cleaning have found many industrial applications for separation of fine dust from dust-laden gas stream. The mechanisms of a pulse-jet cleaning system have been investigated in many studies. [1] [2] [3] [4] [5] In a related study, Morris 1 examined the relationship between the air usage of a jet nozzle with various sizes and the energy usage for a pulse-jet cleaning process. Results of that study indicated that the energy usage is independent of the size of jet nozzle. In addition, a largerdiameter jet nozzle implies a larger volume of the used air with a lower pressure. Bouilliez 2 indicated that the most important cleaning factors are the reverse gas-flow capacity induced in the filter element and the duration of the reverse gas flow, which must be sufficiently large and long enough to inflate the bag completely. Sievert and Löffler 3 investigated how various pulse-jet cleaning system parameters influence the pressure pulse in a pulse-jet filter. According to their results, reservoir pressure, valve geometry, pulse duration, blowpipe diameter, and discharge nozzle diameter markedly affect the cleaning performance. Ravin and Humphries 4 investigated the factors influencing the cleaning effectiveness and power consumption of pulse-jet filters. Their results suggested that the cleaning effectiveness appears to depend on magnitude of the fabric deceleration, pressure of the air reservoir, and size of the jet nozzle. Hajek and Peukert 5 investigated the cleaning efficiency of ceramic high-temperature filter, indicating that the increment of a number of jet nozzles of a blowpipe under a finite reservoir volume caused a decrease in both the initial pressure peak and the reverse flow period. In addition, a decrease in the reverse flow period implied a significant decrease in the cleaning efficiency. From their results, they concluded that a welldesigned cleaning system must produce a sufficiently high pulse pressure and must allow adequate time for the dust sedimentation.
The above investigations confirm that the cleaning performance of a pulse-jet cleaning system is largely affected by cleaning parameters such as volume of the air reservoir, air pressure in the air reservoir, valve flow coefficient of the diaphragm valve, size of the blowpipe, and diameter and number of jet nozzles on the blowpipe. As the cleaning process is executed, the compressed air discharges instantaneously from the air reservoir via the diaphragm valve into the blowpipe and increases the pressure of the air in the blowpipe. The pressurized blowpipe then jets the high pressure air through the numerous nozzles drilled on the blowpipe into the corresponding bag filters. The high pressure air not only inflates the bag filter abruptly, but it also penetrates from the inner to the outer surfaces of the bag filter. By doing so, the dust deposited on the outer surface of the bag filter can be effectively removed. From the above processes, we can infer that the properties of the air discharged from the blowpipe profoundly influence cleaning efficiency. The air filling up and discharged from the blowpipe, however, is heavily affected by the following parameters: volume and pressure of the reservoir, flow characteristics of the diaphragm valve, size of the blowpipe, and size and number of the jet nozzles on the blowpipe. This complicates the theoretical or experimental analysis of the above process. Consequently, relatively few attempts have been made to develop an approximate model to simulate the above process.
Our recent investigation proposed a concise method to determine valve flow characteristics. 6 In this study, we utilized the determined flow characteristics of the diaphragm valve to investigate the process of the high-pressure air filling up and discharged from the blowpipe. A tworeservoir model is proposed to predict the air properties of air in the air reservoir and blowpipe during the cleaning process. The air reservoir and blowpipe are referred to reservoir 1 and reservoir 2, respectively. The proposed model consists of (1) a set of governing equations that are solved by a finite difference and (2) an iterative calculation method to describe the physical phenomena. In addition, four pressure transmitters were used to measure the pressure variations of the air at various locations during the process. The measured pressure variations of the air in the reservoir were then used to calculate the mass flow rates discharged form the air reservoir by using the method proposed in our earlier study. 6 Herein, these calculated mass flow rates are treated as benchmark solutions and are validated to be accurate. Comparing the mass flow rate predicted by the proposed model with that of the benchmark solution reveals that the model prediction is about 10% overestimated. To obtain more accurate predictions, the process is more accurately simulated by considering the friction effects induced by the exit of the air reservoir and the nozzles on the blowpipe. The former increases the Mach number of the air and equals that of a frictional pipe of 4fLe/D h . The latter decreases the mass flow rate discharged from the nozzles. A discharge coefficient Cd n is introduced to represent the ratio of the mass flow rate between a real nozzle and an ideal one. Also proposed herein are experimental methods to determine the values of 4fLe/D h and Cd n . Consequently, the accuracy of the model's predictions is significantly improved. Deviations between the mass flow rates of the model predictions and the benchmark solutions were within 3%. Furthermore, the pressure variations of the air in the reservoir and in the blowpipe of the model predictions agree well with those obtained from experimental work. Figure 1 illustrates the pulse-jet cleaning system, consisting primarily of an air reservoir, a diaphragm valve, and a blowpipe. On the blowpipe, a number of holes used as jet nozzles were drilled perpendicularly to the pipe. Each nozzle is located on the top of the filter bag coaxially. Figure 2 schematically depicts the physical model. The air reservoir and the blowpipe are referred to as reservoir 1 and reservoir 2, respectively. The volume of reservoir 1 is V r1 , and the temperature, pressure, and mass of the air in reservoir 1 are T r1,t ,P r1,t , and m r1,t ,respectively. The volume of reservoir 2 is V r2 , and the temperature, pressure, and mass of the air in reservoir 2 are T r2,t ,P r2,t , 2 , respectively. The air discharging from reservoir 1 via reservoir 2 into the atmosphere takes a relatively short time. The process is regarded as adiabatic. In addition, the volume of the connecting pipe is much smaller than those of the reservoirs. The air properties along the connecting pipe are assumed to be the same as the diameters at the exit of reservoir 1. To facilitate the analysis, both the exits of reservoir 1 and reservoir 2 and the entrance of reservoir 2 are assumed to be frictionless. Consequently, the processes can be expressed reasonably with the following governing equations.
MODELING
Initially, to differentiate the ideal- 
Assuming that the process is adiabatic, the internal energy change rates of the air in both reservoirs can be expressed as 
where the subscript 0 denotes the stagnation properties of the air. While assuming that the process is adiabatic and that the exit of reservoir 1 and the entrance of reservoir 2 are frictionless, both the stagnation temperatures of T u0,t and T d0,t are equal to T r1,t and the stagnation pressures of P u0,t and P d0,t are equal to P r1,t and P r2,t , respectively. The static properties of P u,t , P d,t , T u,t , and T d,t can be obtained from the following equations:
Based on the results of our previous study, 6 the valve flow characteristics of the diaphragm valve can be expressed as
where C 1 and C 2 are empirical constants and the pressure ratio x t and the dimensionless mass flow rate G t are defined as
Solving eqs 6-11, the variables from eqs 4 and 5. Then the properties of air in the both reservoirs at next time interval can be calculated by using the forward finite difference.
The calculation procedures for solving the above equations are summarized as follows:
(1) Obtain the initial air properties of Pr 1,t are zero; and (17) Iterate from step 11 to step 15 until the pressure of P r2,t is equal to the atmospheric pressure P atm .
EXPERIMENTAL APPARATUS AND PROCEDURE
Experiments were performed to examine the feasibility of the proposed model. Figure 3 illustrates the experimental apparatus. An air reservoir (1) with a volume of 0.1065 m 3 was used. The pressure P r1,t and temperature T r1,t of the air in the air reservoir were measured by the pressure transmitter (6) and the thermocouple (7), respectively. A connecting pipe (2) with a diameter of 43 mm and a length of 450 mm was used to connect the air reservoir and the diaphragm valve (3). The diaphragm valve had a nominal diameter of 1.5 in. Two pressure transmitters (6) were installed separately on both sides of the diaphragm valve to measure the pressure variations of P u,t and P d,t during the discharge process. Next, a blowpipe (4) with a length of 1750 mm and a diameter of 43 mm was connected at the downstream of the diaphragm valve. On the blowpipe, twelve nozzles (5) with a diameter of 8 mm were drilled perpendicularly to the blowpipe. Another pressure transmitter was installed at the end of the blowpipe to measure the stagnation pressure P r2,t of the air in the blowpipe. Finally, a programmable logic controller (PLC) (9) was used to generate the trigger for opening the diaphragm valve and starting the data acquisition unit (8) .
Procedures of the experimental work were as follows: (1 procedures until enough data are obtained. Prior to conducting the experimental work, the pressure transmitters used were calibrated by a standard pressure gauge. These pressure transmitters are made of the TRANSBAR ceramic sensing element. The measuring range is 0-10 bar. The error is within 0.2% of full scale. The typical response time is less than 3 msec. These pressure transmitters are calibrated by a WIKA standard pressure gauge, which has a measuring range of 0-10 kg/ cm 2 , a scale division of 0.05 kg/cm 2 , and accuracy within 0.5% of full scale. Calibration results indicated that the discrepancies between the readings of the standard pressure gauge and those of the pressure transmitters were within 0.5%. Figure 4 presents the pressure variations during the discharge process. Figure 4a illustrates the pressure variations of P r1,t and P u,t . Figure 4b illustrates the pressure variations of P d,t and P r2,t . In this case, the duration of the electric pulse was 500 msec (from t = 400 msec to t = 900 msec). Due to the mechanical delay of the diaphragm valve, the beginning and the end of the variations of the pressures measured were slower than those of the electric pulse signals. These delays are estimated to be 30 msec and 150 msec, respectively. After the diaphragm valve was opened, air was discharged from the air reservoir into the blowpipe. The discharged air decreased the pressures of P r1,t and P u,t and increases the pressures of P d,t and P r2,t . After the pressure of P r2,t increased to a maximum value, all of the pressures of P r1,t , P u,t , P d,t , and P r2,t monotonously decreased with time. At the moment the diaphragm valve was completely closed, the pressures of P r1,t and P u,t reached their minimums. After that, the pressures of P r1,t and P u,t gradually reached thermodynamic equilibrium. Meanwhile, the mass in the air reservoir m r1,t remained unchanged. The pressures of P d,t and P r2,t continuously decreased, however, until both pressures equaled the atmospheric pressure P atm .
RESULTS AND DISCUSSION
In the numerical calculations, the empirical constants C 1 and C 2 used in eq 9 are obtained from the results of our earlier study 6 and were equal to 0.1012 and 0.3933, respectively. The beginning of the discharge process was t = 430 msec, which equals the electric pulse turn-on time of t = 400 msec plus the diaphragm valve open delay time of 30 msec. The end of the discharge was t = 1050 msec, which equals the electric pulse turn-off time t = 900 msec plus the diaphragm valve close delay time 150 msec. Figure 4 indicates that the decreasing rates of P r1,t of the model prediction were greater than those of the experimental results. This phenomenon reveals that the prediction of the mass flow rate appears to be overestimated. Directly measuring the mass flow rate of a compressible transient process is extremely difficult. Therefore, to directly validate the accuracy of the mass flow rates predicted by the proposed model is impossible. According to our earlier study, 6 however, the residual mass m r1,t in the air reservoir and the mass flow rate & , m t 1 discharged from the air reservoir of an adiabatic process can be calculated from the pressure variation of P r1,t as Figure 5 illustrates the results of m r1,t calculated from eq 15 by substituting the measured P r1,t shown in Figure 4 into the equation. In addition, Figure 5 also illustrates the residual mass (m r1,t ) iso of an isothermal process to compare with the results from eq 15. The residual mass (m r1,t ) iso is the lower limit of the realistic phenomena and can be calculated by the following equation: 
According to Figure 5 , the initial mass m r1,t=i and the final mass m r1,t=f are obtained by substituting the initial air properties (P r1,t=i , T r1,t=i ) and the final air properties (P r1,t=f , T r1,t=f ) into the ideal-gas equation of state. The final properties refer to a situation in which the experimental work is completed and the pressure and temperature of the air in the air reservoir are unchanged and can be accurately measured. Therefore, the difference between mr 1,t =i and eq 14c eq 7a Figure 4 (a). The pressure variations of P r1,t and P u,t under the condition of 12 jet nozzles. during the discharge process. The residual mass at the end of discharge of an adiabatic process and that at the end of an isothermal process-m r1,t=e and (m r1,t=e ) iso -are calculated by substituting the pressure P r1,t=e at the end of discharge into eq 15 and eq 17, respectively. By doing so, the cumulated mass discharged by an adiabatic process Table 1 compares the cumulated mass discharge obtained from eq 15 and from experimental work under different operating conditions. All the deviations are smaller than 5%. From the above discussion, we can infer that the assumption that the process is adiabatic is adequate and that the results from eq 15 are accurate.
Because eq 16 is derived from eq 15, the mass flow rate & , m t 1 calculated from eq 16 is regarded to be accurate and is regarded as the benchmark solution for the numerical result obtained from the two-reservoir model proposed in this study. More extensive discussions on the accuracy of the mass flow rate calculated from eq 16 can be found in our previous study. 1 of the experimental results and the numerical results from t = 500 msec to t = 900 msec is about 10%. The deviations are more significant at the beginning and the end of the discharge. This is because although the diaphragm valve is assumed to be immediately fully opened or closed in model calculation, it is gradually opened or closed in an actual situation.
To obtain more accurate results, some modifications of the two-reservoir model are adopted. Herein, both the friction effects induced by the exit of the air reservoir and the nozzles of the blowpipe are considered. Initially, the friction effect induced by the exit of the air reservoir is represented by that of a frictional constant cross-sectional area pipe with a parameter of 4 fL D e h . According to Saad, 7 the relation between the Mach numbers of M 1,t and M 2,t at both sides of the frictional pipe can be expressed as
The average friction coefficient f is defined as 
Notably, the parameter of As for the nozzles on the blowpipe, the friction effect resulted in a mass flow rate discharged from an actual nozzle that was lower than that discharged from an ideal In the model calculations, the value of Cd n must also be known in advance. The value of Cd n is usually determined according to the standard test procedure of ANSI/ASME 8 . Herein, an alternative is proposed to determine the value of Cd n by using the measured pressure variations shown in Figure 4 . In addition to the fact that the volume of the blowpipe is markedly smaller than that of the air reservoir, the discharge process is extremely 
Therefore the mass flow rate ( )
of an insentropic flow can be determined by substituting the stagnation temperature T r2,t ( = Tr1,t ) and the measured pressure P r2,t into eq 12. Then the discharge coefficient Cd n can be determined by the following equation: 
Where the Mach number M n,t is calculated by substituting the measured pressure P r2,t into eq 13. 
Cd n
Except for the beginning and end of the discharge, the average value of Cd n from t = 500 msec to t = 900 msec is about 0. 1 from t = 500 msec to t = 900 msec of the model predictions and the bench mark solutions is about 0.85%. Table 2 compares the average mass flow rates under different discharge areas. The maximum deviation between the numerical and experimental results is smaller than 3%. Obviously, considering the friction effects of the exits of both reservoirs significantly improves the accuracy of the model predictions.
CONCLUSION
This study presents a novel two-reservoir model to simulate the air discharged from an air reservoir via a diaphragm valve to a blowpipe and ultimately into the atmosphere of a pulse-jet cleaning system. Based on the results in this study, we can conclude the following:
(1) Without considering the friction effects of the exits of both reservoirs, the mass flow rates of the model predictions are about 10% overestimated. 
